[1] We investigated numerical models of initiation and subsequent evolution of subduction of young (10-30 Myr) oceanic lithosphere. Systematic numerical experiments were carried out by varying the age of the subducting plate (10, 12.5, 15, 17.5, 20, 25 and 30 Myr), the rate of induced convergence (2, 4 and 5 cm/yr) and the degree of hydration (0 and 2 wt% H 2 O) of the pre-existing weak oceanic fracture zone along which subduction is initiated. Despite the prescribed plate forcing, spontaneously retreating oceanic subduction with a pronounced magmatic arc and a backarc basin was obtained in a majority of the experiments. It was also found that the younger age of oceanic lithosphere results in more intense dehydration and partial melting of the slab during and after the induced subduction initiation due to the shallow dispositions of the isotherms. Partial melting of the subducted young crust may create thermal-chemical instabilities (cold plumes) that ascend along the slab-mantle interface until they either freeze at depth or detach from the slab and penetrate the upper plate lithosphere contributing to the nucleation and growth of a volcanic arc. Freezing of the plumes in the slab-mantle interface is favored by subduction of very young lithosphere (i.e., 10 Myr) at moderate rate (4 cm/yr) of convergence. Such aborted plumes may correspond to Cretaceous partially melted MORB-derived slab material and associated adakitic tonalitic-trondhjemitic rocks crystallized at ca. 50 km depth in the slab-mantle interface and exhumed in a subduction channel (serpentinite mélanges) in eastern Cuba.
Introduction
[2] Subduction zones and mid ocean spreading ridges are the most important tectonic features in planet Earth, with more than 55,000 km and 60,000 km of integrated length respectively [Lallemand, 1999; Stern, 2002] . These biggest structures have significant influence in the transformation and evolution of the planet. Lithosphere formed at ridges is eventually recycled into the mantle by means of subduction. The geophysical characteristics of subduction zones are varied and controlled by factors like plate velocity, direction and angle of convergence, thickness and age of the lithosphere, convection in the overlying mantle wedge, fluids and melts migrating through the subduction zone, and time [e.g., Kirby et al., 1991; Peacock, 1996] . These factors determine the evolution of subduction zone and subsequent formation of volcanic arcs, which ultimately contribute to the growing of continental masses.
[3] The addition of aqueous fluids to the mantle produces partial melting of peridotite at temperatures hundreds of degrees lower than under dry conditions [Green, 1973; Kushiro et al., 1972; Boettcher, 1975a, 1975b; Ulmer, 2001] . This addition takes place in convergent margins by means of dehydration of the subducting slab (crust and mantle) caused by increasing pressure and temperature. At the onset of subduction, the fluid released is primarily the result of the expulsion of connate water, but the oceanic crust may contain up to about 6 wt % water in chlorite, lawsonite and amphibole [Iwamori, 1998 ]. This amount is drastically reduced in the earliest 50 km during subduction by metamorphic dehydration reactions [e.g., Iwamori, 1998; Schmidt and Poli, 1998 ].
[4] When a young (i.e., hot) oceanic plate subducts, the geothermal gradient involved in the slab-mantle wedge interface is hotter compared to the geothermal gradient generated upon subduction of an old (i.e., cold) plate, making possible the intersection of the wet solidus of basaltic and pelitic rocks at moderate pressure (e.g., 15 kbar; 50 km). Partial melting of the slab at shallow depths has important consequences for the transformation of the mantle wedge and the evolution of volcanic arcs [e.g., Peacock et al., 1994] . The addition of the slab melt to the wedge occurs either by melt percolation [e.g., Scott and Stevenson, 1986] and re-equilibration with the mantle or by means of thermal-chemical (cold) plumes resulting from Rayleigh-Taylor instabilities [Gerya and Yuen, 2003a] , which may have genetic relations with adakite rocks formed at the surface as product of slab melting Martin, 1999] or granitoid magmas [Castro and Gerya, 2008; Castro et al., 2010] . Under special circumstances, however, the slab melts may crystallize at depth and may be incorporated into subduction channels and be exhumed, allowing us the in situ characterization of slab-derived melts [e.g., García-Casco et al., 2008; Lázaro and García-Casco, 2008] . [5] In this paper we study the onset of induced [e.g., Stern, 2004] intraoceanic subduction using different ages of lithosphere, initial convergence rates and degree of rock hydration in subduction initiation zone. To this end, we use a thermomechanical numerical model based on finite differences and marker-in-cell techniques [Gerya and Yuen, 2003b] . The model includes spontaneous slab retreat, subducted crust dehydration, aqueous fluid transport and slab and mantle wedge melting. The results, specially those concerning the formation and evolution of thermal-chemical plumes, are compared with rocks complexes occurring in the northern Caribbean (eastern Cuba), where partial melting of very young oceanic lithosphere shortly after onset of subduction has been recently described in serpentinite mélanges representing fragments of the Cretaceous Antillean subduction channel [Blanco-Quintero et al., 2010; García-Casco et al., 2008; Lázaro and García-Casco, 2008; Lázaro et al., 2009] .
Numerical Model Description and Governing Equations
[6] We developed a 2D thermomechanical numerical model of onset of intraoceanic subduction (Figure 1 ) using the I2VIS code based on conservative finite differences and non-diffusive marker-in-cell techniques [Gerya and Yuen, 2003b] . The experiments were conducted on Brutus computer cluster of ETH-Zurich. The model dimensions are 4000 km × 200 km, distributed over 2001 × 201 grid nodes. The grid resolution is non uniform with 1 km × 1 km resolution in the subduction region and 5 km × 1 km resolution at the model margins.
[7] The oceanic crust consists of a 3 km thick layer of basalts and a 5 km thick layer of gabbroic rocks. The lithospheric and asthenospheric mantle is modeled as anhydrous peridotite, extending as a half-space to the lower boundary of the model. This setup is complemented by 2 km of water above and 10 km of air. Sedimentation spontaneously fills the trench after the arc-ward slope reaches 17°steepness. [8] Subduction is initiated by a prescribed weak fracture zone between two oceanic plates ( Figure 1 ). This zone is 50 to 10 km wide (taper) and reaching depth of 70 km. It consists of mantle rocks with wet olivine rheology [Ranalli, 1995] and low brittle/ plastic strength (1 MPa). In the course of subduction, the mantle rocks of the fracture zone are replaced by weak crustal rocks and hydrated mantle, naturally preserving the localizing effect of the initially prescribed weak zone. Additionally, some experiments used intensely hydrated (up to 2 wt% H 2 O) peridotite in the weak zone [e.g., Gerya and Yuen, 2003a; Maresch and Gerya, 2005; Regenauer-Lieb et al., 2001] (Table 1 ).
[9] The initial temperature profile depends on the age of the lithosphere. In the evolution of the model water is expelled from the subducted oceanic crust as a consequence of dehydration reactions and compaction. Because the water transport model does not permit complete hydration of the peridotitic mantle, the mantle solidus is intermediate between the wet and dry peridotite solidus. In reality variable hydration would permit melting over a range of temperatures and water contents [e.g., Grove et al., 2006] . [10] Three principal equations are used in the two dimensional creeping-flow models (momentum, continuity, and thermal equations). The conserva- 
The 2D Stokes equations take the form:
The density r(T, P, C) depends explicitly on the temperature (T), the pressure (P) and the composition (C), and g is the gravitational acceleration.
[11] The Lagrangian temperature equation includes heat effects produced by phase transformations in the crust and mantle and is formulated as [Gerya and Yuen, 2003b] :
where D/Dt is the substantive time derivative; x and z denote, respectively, the horizontal and vertical coordinates; s xx , s xz , s zz are components of the deviatoric stress tensor; _ " xx , _ " xz , _ " zz are components of the strain rate tensor; P is pressure; T is temperature; q x and q z are heat flux components; r is density; k(T, C) is the thermal conductivity, a function of composition and temperature; Cp is the isobaric heat capacity; H r , H a , H S and H L denote, the radioactive, adiabatic, shear and latent heat production, respectively. [12] In the experiments the melt migration is assumed to occur rapidly compared to the deformation of unmelted mantle, so that the velocity of the melt is independent of mantle dynamics [Elliott et al., 1997; Hawkesworth et al., 1997] . Therefore, the extracted melt is transported rapidly to the surface forming volcanic arc crust.
[13] The effective creep viscosities of rocks are represented as a function of temperature and stress by experimentally determined flow laws. The viscosity for dislocation creep depends on strain rate, pressure and temperature and is defined in terms of deformation invariants [Ranalli, 1995] as follows,
is the second invariant of the strain rate tensor and A D , E, V and n are the experimentally determined flow law parameters, the material constant, the activation energy, the activation volume and the stress exponent, respectively. F is a dimensionless coefficient depending on the type of experiments on which the flow law is based and is used for conversion of experimentally determined rheologies to model stress states. For example, F = (1−2n)/n for simple shear.
[14] The ductile rheology is combined with a brittle rheology to yield an effective visco-plastic rheology. For this purpose the Mohr-Coulomb yield criterion [e.g., Ranalli, 1995] is implemented by limiting creep viscosity, h creep , as follows:
Therefore, the plastic strength depends on the mean stress on the solids, P solid = P (dynamic pressure), the cohesion, c, which is the strength at P = 0, and on the effective internal friction angle, 8, which is calculated from the friction angle of dry rocks, 8 dry , and the pore fluid pressure factor l fluid . This factor is interpreted as l fluid = 1 − P fluid P solid
; the pore fluid pressure P fluid reduces the yield strength s yield of fluid-containing porous or fractured media. In our numerical experiments l fluid = 0.001, which implies strong decoupling in the forearc region [Gerya and Meilick, 2011] . Similarly, the weakening effect of ascending melts is included. During a melt extraction episode, the yield strength s yield of rock in the column between the source of the melt and the surface is decreased according to l melt , = 0.001, which corresponds to strong overriding plate weakening favoring the retreating subduction mode [Gerya and Meilick, 2011] .
[15] Further details of petrological and rheological models, melt and fluid transport algorithms and 
Results
[16] Systematic numerical experiments were carried out by varying the age of the subducting plate (10, 12.5, 15, 17.5, 20, 25 and 30 Myr), the rate of convergence (2, 4 and 5 cm/yr) and the degree of hydration (0 and 2 wt% H 2 O) of the weak zone (Table 1 ). The experiments were tested in order to analyze the influence of these parameters for the evolution of the subduction systems. Figure 2 , constructed for the reference model with a lithosphere of 10 Myr and a convergence rate of 5 cm/yr, summarizes the basic features of the evolution in con- ducted experiments, including the trenchward displacement and deformation of the overriding plate, the increase in the slab angle, the hydration (serpentinization) of the mantle wedge and development of a subduction channel, the generation of molten rocks in the mantle wedge, the development of molten compositionally buoyant thermal-chemical (cold) plumes and waves along the subduction zone, and the displacement of isotherms (cooling of the subduction zone, heating of the volcanic arc region) with time. The model produces a spontaneously retreating trench with formation of a magmatic arc and extensional backarc basin with newly forming oceanic floor. When the subducting oceanic plate reaches approximately 50 km depth, dehydration and fluid flow leads to hydration and wet melting of the mantle above the slab, in agreement with common views of evolution of subduction zones [Stern, 2002 [Stern, , 2004 van Keken et al., 2002] . However, this process first produces upwelling partially molten thermal-chemical plumes [Gerya and Yuen, 2003a] that rise from the slab along the slab-mantle interface until they penetrate the upper plate lithospheric mantle (Figures 2b-2e ) weakened by migration of melts extracted toward the surface [Sizova et al., 2010; Gerya and Meilick, 2011] . These plumes are composed of mixed hydrated partially molten components from the subducted crust and the mantle wedge [Castro et al., 2010; Gerya and Yuen, 2003a; Gorczyk et al., 2007] .
[17] Rising of cold plumes lead to the growth of a magmatic arc at the surface of the overriding oceanic plate ∼6 Myr after beginning of subduction ( Figure 2b ). As the trench retreats the melt-bearing asthenosphere rises forming an intra-arc spreading center leading to splitting of the arc and development of a remnant arc located trenchward and a back-arc basin (∼10 Myr; Figure 2c ). The formation of a spreading center accelerates trench retreat since it breaks apart the initially coherent overriding plate. The appearance of a melt-bearing mantle region below the spreading center (cf. broad red region in Figures 2c-2e ) is driven by decompression melting.
[18] The age of the subducting lithosphere has a strong influence for the evolution of the subduction zone (Figure 3 ). For the same convergence rate, subduction of older lithosphere delays slab retreat, partial melting of the slab and rise of cold plumes. This change in the timing of the events on the order of a few million years is observed even for small variations in the age of the lithosphere (Figure 3 ; lithosphere ages of 12.5 Myr and 15 Myr; convergence rate 5 cm/yr). The volcanic activity is consequently affected, mostly because the time needed for dehydration of the slab and development of cold plumes is shortened for younger subducting lithosphere. Also the thermal-chemical plumes are rooted at greater depth in older lithosphere (Figure 3f) . [19] The rate of convergence between plates also influences the evolution of the subduction zone. For smaller convergence rates (e.g., ca. 2 cm/yr) slab retreat is not produced (Figure 4 ) for very young oceanic lithosphere (<20 Myr). However, the most important effect is related to partial melting of the slab and the beginning of volcanic arc activity, which are delayed (Figures 4a and 4b) . Because the slab does not retreat in these models, the arc experiences focused magmatism and negligible amount of extension during more than 30 Myr after the onset of subduction (Figure 4d) , producing large piles of volcanic rocks. In contrast, for older lithosphere (>20 Ma) and small convergence rate (2 cm/yr) the model predicts subtle slab retreat, regional dispersion of volcanic arc products, and formation of a backarc spreading center ( Figure 5 ). It is important to note the depression of the isotherms, yielding slab melting and cold plume formation at greater depth. [20] To evaluate the influence of an intense hydration (serpentinization) of pre-existing weak zone at shallow depths (<30 km), experiments were carried out for a weak zone composed of hydrated peridotite initially containing 2 wt% of water at sub-solidus conditions. In these experiments, partial melting of the weak rock above (i.e., deeper) the antigorite stability field (wet peridotite) takes place shortly after onset of subduction (Figure 6a ). However, melt volume is small and is dissipated in the mantle (Figure 6b ). After this early stage, the evolution of the subduction system follows a normal regime as described above. However, the volcanic arc activity occurs later than in other experiments (Figure 6c ) and, importantly, a large serpentinized mantle (subduction channel) is formed above the slab (Figures 6d  and 6e) due to large fluid flux from the hydrated peridotite initially present inside the subduction initiation zone.
[21] Finally, models for very young lithosphere yield small melt fractions in the partially molten slab at moderate depth and relatively low temperature. This setting allows crystallization of the cold plume at depth. This is illustrated in Figure 7 for a lithosphere of 10 Myr and an initial convergence rate of 4 cm/yr. In this experiment, the low proportions of melt produced preclude the rise of the plume through mantle, and the cooling of the system upon continued subduction leads to crystallization of the melt at depth close to the region where the plume nucleated at the slab-mantle wedge interface (50-60 km; Figure 7 ). We name this type of thermal-chemical plumes crystallized at depth as aborted plumes.
Discussion

Cold Plumes and Aborted Cold Plumes
[22] Subduction of very young oceanic lithosphere and ridges is a normal process of active margins [e.g., Thorkelson and Breitsprecher, 2005] . The thermal structure and melting of young subducted slabs was modeled by Peacock et al. [1994] , and Peacock [1996] provided a general conceptual model for melting of young oceanic crust. However, in these experiments thermal steady state subduction models were explored and melting occurred only for very young crust (<5 Myr) [Peacock et al., 1994] . Subduction of very young oceanic lithosphere has been also linked to the generation of adakites, based on geochemical data [e.g., Defant and Drummond, 1990; Martin, 1999] and numerical models [e.g., Peacock et al., 1994; Sizova et al., 2010] . The data compiled by Drummond and Defant [1990] , summarizing adakite occurrences, suggest that melting occurs in slabs as old as 20 Myr. Such possibility is also identified by thermomechanical experiments with kinematically prescribed slabs [Kelemen et al., 2004] . [23] Our experiments indicate that in nonsteady state, self consistent thermomechanical models partial melting occurs in slabs as old as 20-30 Myr shortly after the induced subduction initiation. However, it occurs earlier and at shallower depths in younger slabs (due to the shallow dispositions of the isotherms) and determining the evolution of volcanic arcs and back-arc basins. Hydrated, partially molten thermal-chemical plumes are responsible for the heterogeneous composition of the mantle wedge and influence the composition of the volcanic arc crust [Castro et al., 2010; Gerya and Yuen, 2003a; Gorczyk et al., 2007] .
[24] However, we have also shown that under special circumstances cold plumes may crystallize at depth in the slab-wedge region shortly after onset of subduction. These plumes have no significant influence on the evolution of the upper plate mantle and arc crust, but this type of aborted plumes may offer important information on the partial melting processes and the composition of melts that are potential metasomatic agents to modify the suprasubduction mantle wedge. Exhumation of this type of plumes is favored as they freeze at relatively shallow depth (ca. 50 km) in a region close to the slab-wedge interface, where a serpentinitic subduction channel is generated with time providing the mechanism for syn-subduction exhumation of accreted material [Gerya et al., 2002] .
[25] An example of partially molten subducted oceanic material incorporated in a subduction channel is found in the Catalina Schists of the Franciscan belt [Bebout and Barton, 2002; Sorensen, 1988; Sorensen and Barton, 1987; Sorensen and Grossman, 1989] . However, a more spectacular example, with larger proportion of melt, has been recently described in the serpentinitic mélanges of eastern Cuba (Sierra del Convento and La Corea mélanges) [Blanco-Quintero et al., 2010 , 2011a García-Casco et al., 2008; Lázaro and García-Casco, 2008; Lázaro et al., 2009] . The model show here offers a plausible thermomechanical explanation for these important complexes in which it is possible to observe aborted processes of melt migration during subduction.
Comparing a Theoretical and a Natural Aborted Cold Plume (Eastern Cuba)
[26] A belt of Cretaceous-Tertiary volcanic arc rocks occurring all along the entire Caribbean region, from Guatemala, Greater, Lesser, Leeward and Netherland Antilles, northern Venezuela and north and western Colombia (collectively termed "Great Arc of the Caribbean" [Burke, 1988] ) document a long lasting history of oceanic subduction in this region (Figure 8a ). Ophiolitic materials of backarc, arc, fore-arc and abyssal origin are also represented along the belt (for review see Lewis et al. [2006] ). Associated with these rocks appear serpentinite matrix mélanges with high-pressure tectonic blocks that represent the associated Caribbean subduction channel. Cold, warm and hot subduction has been inferred from petrological studies of these mélanges [e.g., Brueckner et al., 2009; García-Casco et al., 2002 Krebs et al., 2008; Maresch et al., 2009; Tsujimori et al., 2005 Tsujimori et al., , 2006 . [27] In eastern Cuba, the La Corea and Sierra del Convento mélanges [García-Casco et al., 2006; Somin and Millán, 1981] bear evidence for hot subduction, interpreted as the result of onset of subduction of young oceanic lithosphere [Blanco-Quintero et al., 2010; García-Casco et al., 2008; Lázaro et al., 2009] . These mélanges are characterized by the presence of subducted MORB-derived epidote ± garnet amphibolite blocks associated with tonalitictrondhjemitic-granitic bodies and veins (Figures 8b  and 8c ) generated after partial melting of the amphibolites and crystallized at depth (ca. 50 km; 15 kbar; 700-750°C). The rocks followed counter-clockwise P-T paths documenting subduction shortly after onset of subduction and slow syn-subduction exhumation in a subduction channel. Following our results of numerical experiments (i.e., Figure 7) , we consider these blocks of high-grade amphibolite and associated leucocratic igneous rocks as possible fragments of an aborted cold plume incorporated into the Caribbean subduction channel.
[28] These high pressure igneous rocks (tonalitestrondhjemites) have some geochemical characteristics comparable to Cenozoic adakites Martin, 1999] , including depletion in HREE and enrichment in LREE and positive Eu anomaly in the REE patterns, high Sr/Y, SiO 2 > 56 wt %, Al 2 O 3 > 15 wt %, Sr 87 /Sr 86 < 0.7040, but very low Yb < 1 ppm, Y < 10 ppm and (La/Yb) n < 17 [see Blanco-Quintero et al., 2011b; Lázaro and García-Casco, 2008; Lázaro et al., 2011] . The Sr and Nd isotopic composition clearly indicate that these rocks were produced by fluid-fluxed partial melting of MORB-amphibolite blocks (i.e., host rocks) with no input of external sources . These chemical features are explained by residual garnet and amphibole and complete consumption of plagioclase in the source (i.e., the melt residue), characteristic of the MORBamphibolites of eastern Cuba mélanges. The peraluminous character of the leucocratic rocks [Blanco-Quintero et al., 2011b; García-Casco et al., 2008; Lázaro and García-Casco, 2008 ] also supports an origin at moderate temperature conditions close to the wet basaltic solidus, as indicated by experimental work [e.g., Nakajima and Arima, 1998; Prouteau et al., 2001] . However, mild differences with adakites (e.g., very low Yb, Y, La and (La/Yb) n ) make these rocks more similar to the acid rocks from Catalina Schist mélange (California) considered to be primary slab melts [e.g., Sorensen and Grossman, 1989] . Consequently, the tonalitictrondhjemitic rocks represent pristine slab melt , in agreement with results of the numerical models and make tonalitic-tronchjemitic rocks from eastern Cuba mélanges the most extended areas where in situ pristine slab melt have been described.
[29] Subduction rates for the Caribbean region during the Cretaceous have been estimated on the order of 2-4 cm/yr [Krebs et al., 2008, and references therein] . These figures are in agreement with our models, since they allow slab retreat and backarc basin formation, and petrological and geochemical data have shown that Mayarí-Baracoa Ophiolitic Belt of eastern Cuba formed at a back-arc spreading center [Marchesi et al., 2006] . Furthermore, subduction of hot young oceanic lithosphere during the Cretaceous is incorporated in geodynamic models for the region [Pindell and Kennan, 2009] . In these geodynamic models, subduction involved the Proto-Caribbean basin (Atlantic), which was opening at that time due to North America and South America drift, and subduction of a young lithosphere or ridge was possible. Accordingly, we consider the model presented in Figure 7 involving subduction of very young oceanic lithosphere (10 Myr) at a rate of 4 cm/yr as potentially feasible for eastern Cuba in the early Cretaceous (ca. 120 Ma) [Blanco-Quintero et al., 2011b; Lázaro et al., 2009] , and the predicted formation of an aborted cold plume as an analog of the partially melted slab rocks found in eastern Cuba mélanges.
Conclusions
[30] Thermomechanical experiments were used to model intraoceanic subduction initiation induced by forcing of plate convergence across a pre-existing weak oceanic fracture zone. Experiments were carried out by varying the age of the lithosphere from 10 to 30 Myr and convergence rate from 2 to 5 cm/yr, influencing slab retreat and back-arc basin formation and evolution. For younger oceanic lithosphere, more intense dehydration and partial melting of the slab are produced. The volcanic arc crust initially forms as a response of intrusion of cold plumes into the upper plate lithosphere, with later evolutions influenced by decompression melting of rising asthenosphere. Partial melting of subducted material and volcanic arc activity is delayed for very low convergence rates. Experiments for subduction of very young lithosphere (i.e., 10 Myr) at moderate rate (4 cm/yr) of induced convergence allow formation of aborted thermal-chemical plumes in the slab-mantle interface, which have no significant influence on the evolution of the mantle wedge and arc crust. The predicted aborted plumes may correspond to Cretaceous partially melted MORB-derived slab material and associated adakitic tonalitic-trondhjemitic rocks crystallized at ca. 50 km depth in the slab-mantle interface and exhumed in a subduction channel (serpentinite mélanges) in eastern Cuba.
